Introduction
Angiogenesis, essential for embryogenesis and postnatal tissue repair, is often exploited by tumors to support accelerated growth and exaggerated cancer cell proliferation (1) (2) (3) (4) (5) (6) (7) . The VEGF signaling critical for angiogenesis has been therapeutically modulated to curb tumor expansion (3, 5, (8) (9) (10) (11) . Indeed, anti-VEGF therapies, such as Avastin (bevacizumab) (12) , a humanized monoclonal anti-VEGF-A Ab, have proven effective in the treatment of a wide variety of cancers (12) (13) (14) (15) . However, the rapid rate at which cancer cells mutate and adapt to changing microenvironments, including their dependence on tumor angiogenesis, highlights a continued need for new therapeutic strategies to combat the development of drug resistance in cancer (16) . A better understanding of the molecular events governing tumor angiogenesis will therefore lead to alternative antiangiogenic strategies to complement current anticarcinogenic and antimetastatic treatments. One such approach would be to shift the balance of VEGFR2 signaling toward uncontrolled angiogenesis and dysfunctional tumor vasculature (17, 18) . Identifying and designing therapeutics that modulate these alternative events will significantly advance cancer therapy.
Endocytosis is an important process involved in the modulation of numerous cell-signaling pathways (19) . Altered endocytic regulation of various monoubiquitinated cell surface receptors has been linked to pathological cancer progression; therefore, targeted endocytic manipulation has been implicated as a potential strategy for future cancer therapy (20) . Epsins are a family of endocytic clathrin adaptors and ubiquitin-binding proteins (21) (22) (23) with emerging importance in human disease (24, 25) . Despite abnormally high epsin expression in tumor tissues (24, 25) , its procancer role remains elusive. Global deletion of both epsins 1 and 2 is embryonically lethal in mice (26) , but postnatal endothelial cell-specific deletion of epsins produces adult mice with no gross physiological defects in quiescent vessels (17) . These mice did, however, exhibit altered tumor angiogenesis consisting of highly disorganized, nonproductive and hyperpermeable tumor vasculature that resulted in tumor growth inhibition (17) . The vascular dysfunction responsible for the profound tumor-resistant phenotype was a result of impaired VEGFR2 internalization and degradation and resulted in failed downregulation of VEGF signaling (17, 18) . VEGF stimulates VEGFR2 internalization and degradation in part by inducing VEGFR2 ubiquitination (17) . We determined that epsins, via their ubiquitin-interacting motif (UIM), recognize ubiquitinated VEGFR2 at the plasma membrane and recruit it to clathrin-coated pits for internalization and subsequent degradation, thereby reducing VEGF signaling (17, 18) . In this capacity, epsin loss exacerbated VEGF signaling, disrupted tumor angiogenesis, and inhibited tumor progression (17) . Our counterintuitive finding that exacerbated tumor angiogenesis can actually inhibit tumors prompted us to search for a new strategy to combat human cancer by specifically disrupting Tumor angiogenesis is critical for cancer progression. In multiple murine models, endothelium-specific epsin deficiency abrogates tumor progression by shifting the balance of VEGFR2 signaling toward uncontrolled tumor angiogenesis, resulting in dysfunctional tumor vasculature. Here, we designed a tumor endothelium-targeting chimeric peptide (UPI) for the purpose of inhibiting endogenous tumor endothelial epsins by competitively binding activated VEGFR2. We determined that the UPI peptide specifically targets tumor endothelial VEGFR2 through an unconventional binding mechanism that is driven by unique residues present only in the epsin ubiquitin-interacting motif (UIM) and the VEGFR2 kinase domain. In murine models of neoangiogenesis, UPI peptide increased VEGF-driven angiogenesis and neovascularization but spared quiescent vascular beds. Further, in tumor-bearing mice, UPI peptide markedly impaired functional tumor angiogenesis, tumor growth, and metastasis, resulting in a notable increase in survival. Coadministration of UPI peptide with cytotoxic chemotherapeutics further sustained tumor inhibition. Equipped with localized tumor endothelium-specific targeting, our UPI peptide provides potential for an effective and alternative cancer therapy.
Motif mimetic of epsin perturbs tumor growth and metastasis mon in i.v. administered peptide therapies, we designed a cyclic iRGD-homing sequence within the UPI (31) . FUPI peptide was detected within CD31-positive intratumoral vessels as early as 1 hour and was retained for up to 48 hours after administration ( Figure 1H and Supplemental Figure 1E ). Importantly, FUPI peptide was concentrated within tumor vasculature, but not in other major organs including liver, lung, heart, spleen, kidney, colon, and brain ( Figure 1I and Supplemental Figure 2A ). These findings strongly suggest that, through incorporation of the iRGD and plasma membrane-anchoring sequences, the UPI peptide effectively and specifically homes to the plasma membrane of tumor vascular endothelial cells.
We previously established that endothelial epsins specifically interact with and modulate tumor angiogenesis by facilitating the internalization and downregulation of ubiquitinated VEGFR2 (17, 18) . Further, we determined that the epsin-VEGFR2 interaction was mediated by the epsin UIM. To ensure that our epsin UIM mimetic peptide UPI selectively impaired the epsin-VEGFR2 interaction, we examined the competitive binding of UPI peptide in VEGF-stimulated 293T cells overexpressing VEGFR2 kinase domain (KD) and epsin 1. Cell lysates were incubated with control or UPI peptides (Supplemental Table 1 ), followed by co-IP analysis of VEGFR2 KD and epsin 1. UPI, but not control peptides, substantially abolished epsin 1 interaction with VEGFR2 KD ( Figure 1J ). Additionally, UPI peptide treatment effectively inhibited endogenous epsin 1-VEGFR2 binding when administered to intact HUVEC αvβ3 and analyzed by co-IP assay of epsin 1 by VEGFR2 (Supplemental Figure 1F) . Endothelial epsin deficiency markedly hindered VEGFR2 internalization, resulting in elevated VEGFR2 cell surface expression (17) . FACS analysis of cell surface VEGFR2 expression and cell surface biotin-labeled VEGF internalization assays in UPI peptide-treated HUVEC αvβ3 revealed impaired endocytosis of VEGFR2 and substantial increases in VEGFR2 accumulation at the plasma membrane (Supplemental Figure 1 , G-I). Collectively, these findings suggest that the UPI peptide successfully competes with epsin function and, in endothelial cells, is sufficient to impair epsinmediated VEGFR2 internalization.
Tumor vessel-targeting UPI peptide effectively impairs tumor growth and metastasis. To investigate the therapeutic potential of our tumor vessel-targeting UPI peptide, LLC s.c. tumor-bearing mice with established tumors of 20-50 mm 3 in size were injected i.v. with UPI peptide on alternating days for 14 days using concentrations of 2.5, 5, and 10 mg/kg. Control peptide was i.v. injected at 10 mg/kg. LLC tumor growth, monitored on alternating days during peptide administration, was significantly impeded by UPI peptide in a dose-dependent manner, with 10 mg/kg yielding maximal inhibition (Figure 2A) . Similarly, UPI peptide administered i.v. at 10 mg/kg every other day significantly retarded s.c. B16 melanoma tumor growth ( Figure 2B ) and s.c. human U87/SCID tumor growth ( Figure 2C ). To evaluate the therapeutic potential of our UPI peptide in a spontaneous tumor model, we used transgenic adenocarcinoma of mouse prostate (TRAMP) mice, which develop progressive prostate cancer between 10 and 20 weeks of age with 100% frequency (32) . We administered 20 mg/kg UPI peptide by i.p. injection into mice on alternating days starting at 20 weeks of age to ensure tumor presence prior to peptide delivery. Mice were epsin-mediated downregulation of VEGFR2 signaling in tumor endothelium. Given that the epsin UIM sequence is highly conserved among human and mouse epsins 1 and 2 ( Figure 1A ) and that the epsin UIM is critical for epsin-VEGFR2 binding (17) , we predict that the epsin UIM may be a central element in epsin function and, therefore, a potential target for clinical applications.
Results
Tumor-targeting epsin inhibitory peptide homes to and impairs epsin-VEGFR2 interactions within tumor vascular endothelial cells. We postulated that a synthetic UIM peptide designed to competitively prohibit epsin from binding to ubiquitinated VEGFR2 could disrupt functional tumor angiogenesis and thereby tumor growth (17) . Toward this end, we chemically synthesized a UIM-containing, tumor vasculature-targeting peptide, referred to herein as UPI ( Figure 1B and Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI80349DS1). Specifically, we conjugated the C-terminus of our UIM peptide to the tumor endothelial cell-homing (TEC-homing) peptide iRGD, which facilitates peptide homing to and internalization by TECs (27, 28) . iRGD mediates the specific uptake of iRGD-conjugated peptides by TECs through first binding αvβ3 or αvβ5 integrin, then neuropilin 1, which is overexpressed on the surface of TECs (28) . To further enrich plasma membrane localization of the UIM peptide conjugate, a plasma membrane-anchoring peptide from the Lyn kinase H4 domain (22, 29) , known to bind lipid rafts through palmitoylation and myristoylation, was inserted between the UIM and iRGD. Molecular modeling revealed that this UPI peptide forms a helical structure ( Figure 1C ) and, consistent with epsin UIM function, binds ubiquitin in a manner similar to that observed in the UIM of yeast Vps27 ( Figure 1D and reviewed in ref. 30 ). Molecular modeling further predicted that the UPI peptide can directly interact with the cytoplasmic domain of VEGFR2, providing an important rationale for its potential competitive inhibition of epsin binding to VEGFR2 ( Figure 1E ).
To evaluate the targeting specificity and efficacy of our UPI, we treated human umbilical vein endothelial cells (HUVECs) overexpressing αvβ3 integrin (HUVEC αvβ3 ) with FITC-conjugated UPI (FUPI) (Supplemental Table 1 ). Normal quiescent endothelial cells, such as HUVECs, express endogenous αvβ3 integrin. However, compared with TECs, this expression is considerably low. By overexpressing αvβ3 integrin in HUVECs, we distinguished the ability of the peptide to target endothelial cells in quiescent versus tumor vasculature. Overexpression of αvβ3 integrin was monitored by FACS and Western blotting ( Figure  1F and Supplemental Figure 1A ). As predicted, FUPI peptide accumulated selectively in HUVEC αvβ3 , but not in HUVECs alone ( Figure 1G ). Examination of the intracellular kinetic stability of FUPI peptide in HUVEC αvβ3 revealed maximal intracellular accumulation 15-24 hours after administration (Supplemental Figure 1 , B and C). Further, FUPI colocalized with VEGFR2 at the plasma membrane of HUVEC αvβ3 , presumably because of the inclusion of the plasma membrane-anchoring sequence (Supplemental Figure 1D) . To validate its tumor vasculaturetargeting efficacy and stability in vivo, FUPI was administered i.v. to Lewis lung carcinoma (LLC) and B16F10 (B16) melanoma s.c. tumor-bearing mice. To circumvent stability issues com-approach to combat tumor growth. Further, by using the plasma membrane-targeting sequences to effectively home the UPI peptide to the plasma membrane of TECs, we achieved significantly greater tumor inhibition relative to that of the UIM peptide conjugated to the nonselective plasma membrane-permeable peptide antennapedia (AP) (also known as penetratin) (AP-UIM) or to that of the UIM peptide containing only iRGD (UI peptide) (Supsacrificed at 35 weeks and examined for primary prostate tumors. While large tumors were observed in the prostate and nearby seminal vesicles of control peptide-treated TRAMP mice, smaller and less frequent tumors were observed in mice that received UPI peptide ( Figure 2D and Supplemental Figure 2B ). These data strongly support the use of homing sequences to specifically target epsin UIM to tumor vascular endothelial cells as a potential therapeutic Figure 1E ) and binding studies ( Figure 1J and Supplemental Figure 1F ) strongly suggest that the therapeutic efficacy of the UPI peptide stems from its competitive inhibition of epsin-VEGFR2 interaction. Consistent with these findings, UPI peptide-mediated inhibition of the epsin 1-VEGFR2 interaction augmented VEGF-induced VEGFR2 phosphorylation ( Figure 4A ) and increased phosphorylation of the downstream effectors PLCγ and ERK in HUVEC αvβ3 ( Figure 4A ). To examine whether this result is faithfully reproducible in TECs, we isolated and treated TECs from s.c. LLC tumors with VEGF in the presence or absence of UPI peptide. As shown in Figure 4B , UPI peptide treatment considerably augmented VEGFR2 signaling. To test the specificity of UPI peptide-mediated targeting of the VEGF signaling pathway, HUVEC αvβ3 were treated with a combination of control IgG or anti-VEGF Ab and either UPI or control peptide prior to VEGF stimulation. Anti-VEGF Ab administration suppressed UPI peptide-mediated increases in VEGFR2 phosphorylation (Supplemental Figure  3 , A and B). Collectively, these studies endorse the design of our UPI peptide as an inhibitor of epsin function that selectively targets VEGFR2 signaling in endothelial cells.
Multistep enrichment of the UPI peptide in TECs and sustained VEGF-dependent VEGFR2 signaling could prove critical for maximizing UPI peptide-mediated tumor inhibition through aberrant tumor angiogenesis. However, whether the UPI peptide targets other angiogenic signaling pathways in addition to VEGFR2 is unknown. To address this, we coincubated biotinylated UPI or control peptides and NeutriAvidin beads in lysates from LLC ex vivo tumors. Western blot analysis of pulldowns showed strong coprecipitation of VEGFR2 by UPI peptide ( Figure 4C ). However, UPI peptide failed to coprecipitate EGFR, FGFR1, or PDGFR-β plemental Figure 2C and Supplemental Table 1 ), reinforcing the importance of plasma membrane microenvironment enrichment of the UIM peptide (33) .
Given the specificity of our UPI peptide in targeting the tumor vasculature and the functional importance of tumor angiogenesis for establishing metastatic potential (34-36), we reasoned that our UPI peptide may impair metastasis by disrupting functional tumor angiogenesis. Because of the aggressive nature of the spontaneous TRAMP model, we monitored tumor metastasis in the UPI peptide-treated TRAMP mice. Gross morphological analysis as well as H&E staining revealed dramatic reductions in the frequency of metastasis to the lungs and liver of UPI peptide-treated TRAMP mice ( Figure 3 , A and B). Accordingly, expression of the cancer cell marker vimentin and the metastatic marker snail was dramatically reduced in lung and liver tissue lysates isolated from UPI peptide-treated TRAMP mice ( Figure 3C ). Importantly, TRAMP mice receiving UPI peptide treatment had an average increased life expectancy of 3 months or longer( Figure 3D ). However, smaller tumors metastasize less frequently, and since UPI peptide treatment reduced the primary tumor size in TRAMP mice, we cannot rule out the possibility that reduced metastasis is not a secondary result of impaired primary tumor growth. To address this, we used mice with highly metastatic s.c. B16 melanoma tumors. After primary B16 tumors reached 400 to 500 mm 3 in size, they were surgically removed, then mice were randomized into 2 groups and postoperatively administered control or UPI peptide for 5 weeks. UPI peptide treatment significantly inhibited B16 melanoma metastasis to lymph nodes and lungs, as indicated by decreased vimentin and melan-a (specific melanoma marker) immunofluorescence staining ( Figure 3 , E and F), reduced the number of metastatic cancer cells in lymph nodes and the number of tumor nodules (foci) in lungs ( Figure 3 , E and F), and attenuated vimentin and snail protein levels in lungs ( Figure  3G ). Collectively, these data indicate that UPI peptide admin- tide treatment of HUVEC αvβ3 ( Figure 4D and Supplemental Figure  3 , D-F). Consistently, these major angiogenic receptor signaling pathways were not affected by UPI peptide. Similarly, VEGFR2, but not other angiogenic receptors, was increased in tumors from UPI peptide-treated tumor-bearing mice (Supplemental Figure 3 , G-I). UPI peptide did not alter endogenous epsin protein levels in ( Figure 4C ), suggesting that the UPI peptide binds VEGFR2 specifically, a finding consistent with epsin specificity for VEGFR2 (17) . This was further confirmed using biotinylated UPI peptide in an ELISA (Supplemental Figure 3C) . To further investigate the targeting specificity of UPI peptide for VEGFR2, downstream signaling of FGF, PDGF, and EGF stimulation was assessed after UPI pep- It is well established that the epsin UIM binds ubiquitinated cell surface receptors, such as activated VEGFR2 (17, 18) , partially via its highly conserved, albeit weak and nonspecific, interaction with ubiquitin ( Figure 1D ). However, the molecular mech- anisms driving the specificity with which the epsin UIM or the UPI peptide interact with VEGFR2, but not with other ubiquitinated angiogenic receptors, in endothelial cells remain unknown. Molecular modeling predicted that, in addition to interacting with ubiquitinated VEGFR2, the UPI peptide docks directly into a previously unidentified pocket in the VEGFR2 KD ( Figure 1E ). The UIM residues predicted to mediate this docking are unique to the epsin UIM (Q9, A13, and K16) and may play a critical role in mediating the specific interaction with residues R1027 and R1080 of VEGFR2 ( Figure 4 , E and F). Therefore, we speculated that Q9, A13, and K16 in the epsin UIM possess specific biological functions for the regulation of epsin-VEGFR2 interactions and tumor angiogenesis. To definitively determine the importance of these residues in controlling epsin-binding affinity for VEGFR2, surface plasmon resonance (SPR) was used to analyze the binding affinity between recombinant VEGFR2 KD and WT or mutant UPI peptide containing Q9A, A13S, and K16A point mutations within the UIM (UPI-Mut) (Supplemental Table 1 ). UPI-Mut peptide markedly reduced the binding affinity for VEGFR2 KD compared with WT UPI peptide ( Figure 4G ). To further delineate the individual importance of these mutations, we generated a series of point mutations within these critical epsin UIM and VEGFR2 residues and used co-IP with anti-VEGFR2 or anti-epsin 1 to evaluate their effects on epsin 1-VEGFR2 binding. Predictably, Q9A-A13S-K16A triple mutations in the epsin UIM attenuated epsin 1-VEGFR2 interactions in 293T cells ( Figure 4H ). Reciprocally, R1027A and R1080A mutations in VEGFR2 also decreased epsin 1-VEGFR2 interactions ( Figure 4I ). In further support of these data, the UPI-Mut peptide failed to disrupt epsin-VEGFR2 interaction when administered to 293T cells, indicating reduced binding of UPI-Mut peptide to VEGFR2 and failed competitive inhibition of epsin ( Figure 4J ). Collectively, these data strongly support our molecular model predictions of a UPI peptide-binding pocket within VEGFR2 that provides the specificity with which the UPI peptide modulates VEGFR2 function. UPI peptide selectively disrupts epsin-VEGFR2 interaction and proper VEGFR2 signaling regulation in genetically modified animal models. To interrogate UPI peptide as a specific modulator of VEGFR2 signaling in vivo, s.c. LLC tumor-bearing mice were treated with UPI peptide, anti-VEGF Ab, VEGFR2 kinase inhibitor, or a combination of UPI and anti-VEGF Ab or UPI and VEGFR2 kinase inhibitor. Consistent with earlier in vitro data (Supplemental Figure 3, A and B) , coinjection of UPI peptide with either anti-VEGF Ab or VEGFR2 kinase inhibitor impaired UPI peptide therapeutic efficacy ( Figure 5A ), further suggesting that UPI peptide specifically targets activated VEGFR2.
To further establish UPI peptide as a competitive inhibitor of epsin function as it pertains to VEGFR2 regulation in vivo, several unique animal models were used to establish s.c. LLC tumor models, including inducible endothelial cell-specific epsin-deficient mice (Epn1 fl/fl Epn -/-Cdh5-iCre, referred to herein as EC-iDKO mice), WT mice, or EC-iDKO mice heterozygous for VEGFR2 (Flk1 +/-and EC-iDKO-Flk1 +/-, respectively), and EC-iDKO mice that express a transgene encoding an active Notch, NICD, to rescue defective Notch signaling in EC-iDKO mice (EC-iDKO Nicd LSL , referred to herein as EC-iDKO-Notch mice) (Supplemental Figure 5A) . Loss of a single VEGFR2 allele in WT mice (Flk1 +/-) significantly hindered VEGF signaling and, thereby, tumor growth compared with that seen in WT mice ( Figure 5B and Supplemental Figure 5B cally depleted in endothelial cells, did not alter tumor volumes compared with control peptide (Figure 5B ), implying that UPI peptide modulates tumor growth via its effect on epsin-VEGFR2 interaction (Supplemental Figure 5C) ; since epsins are depleted, VEGFR2 internalization and degradation, resulting in sustained VEGFR2 signaling and normalized tumor angiogenesis (Supplemental Figure 5B ). In contrast, UPI peptide treatment of either EC-iDKO or EC-iDKO Flk1 +/-mice, in which epsins are specifi- Figure 6 . UPI mimetic promotes angiogenesis in vitro and in vivo. Representative image (A) and analysis (B) of VEGF-stimulated BrdU incorporation (proliferation) in control or UPI peptide-treated HUVEC αvβ3 (n = 5). P < 0.05 and P < 0.001, by 2-tailed Student's t test. Scale bar: 100 μm. Representative image (C) and analysis (D) of VEGF-stimulated wound healing (migration) in control or UPI peptide-treated HUVEC αvβ3 (n = 5). P < 0.001 and P < 0.0001, by 2-tailed Student's t test. Scale bar: 200 μm. Representative image (E) and analysis (F) of VEGF-stimulated Matrigel tube formation in control or UPI peptide-treated HUVEC αvβ3 (n = 4). P < 0.001, by 2-tailed Student's t test. Scale bar: 500 μm. (G-I) In vivo angiogenesis of VEGF-A and UPI peptide-containing Matrigel plugs (G). Isolated Matrigel plugs were harvested and processed for immunofluorescence staining with anti-CD31 Ab (H). Quantification of CD31 fluorescence intensity is shown in I (n = 5). Control versus UPI, P < 0.001, by 2-tailed Student's t test. Scale bar: 100 μm. (J and K) Retinal neoangiogenesis of P6 pups treated intraocularly with control or UPI peptide was analyzed by immunofluorescence staining for the vascular marker isolectin B4 (IB4) (n = 5). P < 0.001, by 2-tailed Student's t test. Scale bar: 100 μm. jci.org Volume 125 Number 12 December 2015
In contrast, established vessels in adult mice were quiescent and expressed lower levels of αvβ3 integrin. Thus, we predicted that UPI would have a minimal effect on normal vessels but an enormous impact on tumor vessels. Of significance, upon examination of tumor vessels from control and UPI peptide-treated s.c. LLC and U87 tumors (by CD31 staining), UPI peptide induced tumor vessel proliferation and promoted their dilation (Figure 7, A-C) . This result was further confirmed by immunostaining using anti-VE-cadherin Ab (Supplemental Figure 6 ). These aberrant vessel characteristics (indicative of aberrant tumor angiogenesis) are consistent with previous studies testing the effects of genetic epsin depletion on tumor angiogenesis (17) . Further, VEGFR2 protein levels were dramatically increased in s.c. tumor models treated with UPI peptide ( Figure 7D and Supplemental Figure 7A ), indicating impaired VEGFR2 degradation. To further support this notion, we isolated TECs from control-or UPI peptide-treated LLC tumor-bearing mice and determined via Western blotting that UPI peptide treatment drastically increased both total and phosphorylated VEGFR2 (p-VEGFR2) ( Figure 7E ). VEGFR2 phosphorylation, as determined by immunofluorescence staining of s.c. U87 tumor vasculature, was also significantly augmented by UPI peptide injection ( Figure 7F and Supplemental Figure 7B ). These findings further validate that UPI peptides specifically targets the VEGFR2 signaling pathway.
Administration of UPI peptide produced a striking morphological change in tumor vessels; therefore, we examined the effects of this change on tumor vessel function. Subcutaneous U87 tumor-bearing mice were treated with control or UPI peptide for 3 weeks, followed by perfusion with fixable FITC-dextran of high molecular weight. Mice were sacrificed and tumor vessels stained for CD31. UPI, but not control peptide, produced extensive leakage of the fluorescent dextran into tumor tissues ( Figure 7G and Supplemental Figure 7C ), indicative of vessel hyperpermeability, which coincided with decreased α-smooth muscle actin (α-SMA) coverage of tumor vessels ( Figure 7H and Supplemental Figure 7D ). Examination by transmission electron microscopy (TEM) of s.c. tumors extracted from U87 tumor-bearing SCID mice revealed increased fenestrations and open cell-cell junctions between tumor vessel endothelial cells in UPI peptide-treated tumors (Supplemental Figure 7G) . Consequently, semi-thin sections showed prominent rbc leakage from tumor vessels, accompanied by dying tumor cells in response to UPI peptide treatment ( Figure 7I and Supplemental Figure 7G ). Additionally, tumors from UPI peptide-treated mice showed increased hypoxia ( Figure 7J and Supplemental Figure  7E ), presumably a result of impaired vascular delivery of oxygen. Notably, the vascular effects of UPI peptide are limited to tumor endothelium, with negligible hyperpermeability or leakage occurring in the quiescent endothelium, which expresses lower levels of αvβ3 integrin, including inactive vasculatures in tissues like intestine ( Figure 7K and Supplemental Figure 7F ), brain, kidney, stomach, or liver (Supplemental Figure 7H) . These data further support our results from the plasma biomarker examination (Supplemental Figure 7I) , suggesting minimal toxicity of the peptide. Together, these data strongly suggest that UPI peptide treatment perturbs tumor vessel function specifically and results in profound leakage and damaging hypoxia.
UPI peptide is no longer effective. Further, no difference in tumor growth between EC-iDKO mice and EC-iDKO-Notch mice was seen upon UPI peptide treatment, suggesting that UPI peptide does not affect tumor angiogenesis through the Notch pathway ( Figure 5C ). By using these genetically modified animal models in combination with pharmacological studies, we concluded that UPI peptide hinders tumor growth by specifically inhibiting epsin-VEGFR2 binding, resulting in elevated VEGFR2 signaling and aberrant tumor angiogenesis.
UPI-Mut peptide administered to s.c. LLC tumor-bearing mice failed to inhibit tumor growth compared with that seen in mice treated with UPI peptide (Figure 5D ). Given that the mutated residues (Q9A, A13A, and K16A) are unique to the epsin UIM, we wanted to determine their significance in facilitating epsin-VEGFR2 binding. To do this, we replaced the epsin UIM in the UPI peptide with UIMs from other endocytic proteins including Eps15 and Hrs, creating the peptides Eps15-UIM and Hrs-UIM (Supplemental Table 1 ). Importantly, when administered to LLC tumor-bearing mice, neither Eps15-UIM nor Hrs-UIM peptides affected tumor growth ( Figure 5E ). These results were similar to those obtained using the UPI-Mut peptide and in contrast with the effective tumor inhibition promoted by the UPI peptide, thus emphasizing the unique qualities within the epsin UIM that enable it to specifically interact with VEGFR2 to modulate VEGF signaling and tumor angiogenesis.
UPI peptide promotes in vitro and in vivo neoangiogenesis and disturbs functional tumor angiogenesis by stabilizing VEGFR2 signaling and prompting the formation of hyperleaky tumor vasculature.
Given that the UPI peptide impaired downregulation of VEGFR2 signaling, we reasoned that it would promote VEGF-induced angiogenesis in in vitro angiogenesis assays. Control and UPI peptides were used to treat HUVEC αvβ3 in the presence or absence of VEGF. UPI peptide treatment greatly elevated VEGF-induced HUVEC To complement the above in vitro angiogenic assays, we examined the effect of the UPI peptide on regulating neoangiogenesis using 2 standard models for in vivo neoangiogenesis: in vivo Matrigel plugs and retinal neovascularization. Matrigel, premixed with UPI or control peptide (100 μg/ml) in the presence or absence of VEGF, was implanted s.c. into C57BL/6 mice. Six days after implantation, Matrigel plugs were removed and processed for staining using the vascular endothelial marker CD31. The UPI peptide promoted VEGF-stimulated in vivo neoangiogenesis, as evidenced by increased new blood vessel formation in the UPI peptide-containing VEGF-positive Matrigel plugs relative to UPI peptide alone or control peptide plus VEGF ( Figure 6, G-I) . Similarly, intraocular injection of UPI peptide (100 μg/ml) into mouse pups at P1, P3, and P5 caused a significant increase in retinal neoangiogenesis, as determined by isolectin B4 immunofluorescence staining of retinae isolated at P6 (Figure 6 , J and K). These findings strongly support our hypothesis that UPI peptide is a proangiogenic agent that promotes both in vitro and in vivo neoangiogenesis. Furthermore, these findings suggest that the UPI-targeting strategy is not limited to TECs, but applies also to endothelial cells that are activated and express high levels of αvβ3 integrin. ing C57BL/6 mice receiving UPI peptide therapy ( Figure 8C ). Given the importance of a functional immune system in combating tumor development and progression (37), our results offer concrete support for the synergistic effect of the UPI peptide and host immune defense in fighting tumor invasion. Strikingly, when U87 tumors of equal size were compared, MRI analysis revealed severe necrosis in the U87 glioma of UPI peptide-treated SCID mice, as evidenced by the appearance of large voids (Figure 8, G  and H) . Notably, tumors receiving UPI peptide required almost twice as much time to achieve a tumor mass that was similar to that of control peptide-treated tumors (35 days compared with 18 days). Elevated necrosis after UPI peptide administration corresponded tightly with heightened VEGFR2 in the glioblastoma tumor vasculature, which was indicated by in situ labeling analysis of vascular VEGFR2 ( Figure 7G and Figure 8I ). These data support our earlier conclusions that UPI peptide hinders tumor growth by exacerbating VEGFR2-mediated tumor angiogenesis. Further, the corresponding increase in necrosis strongly suggests that the dysfunctional and hyperleaky tumor vessels resulting from UPI peptide treatment promote tumor cell death and lead to impaired tumor growth.
Coadministration of UPI peptide with cytotoxic chemotherapeutics further sustains tumor growth inhibition. UPI peptide treatment caused striking tumor vascular characteristics including vessel dilation, hyperleakage, and hyperplasticity ( Figure 7) . We postulate that the enhanced vascularization may increase the total number of cancer cells directly exposed to circulating blood and that this, in combination with the increased vascular permeabilization, may facilitate enhanced cytotoxic chemotherapeutic delivery. To test this, we combined the cytotoxic chemotherapeutic doxorubicin (Dox), Taxol (Tax), or OKN-007 (38-40) with UPI peptide administration to s.c. LLC tumor-bearing mice. Our results demonstrate that combined UPI/Dox or UPI/Tax further sustained tumor inhibition relative to single treatment with UPI, Dox, or Tax, or combined treatment with anti-VEGF/Dox or anti-VEGF/Tax in the LLC tumor model ( Figure 9A and Supplemental Figure 8 ), suggesting that the aberrant and hyperleaky tumor vessels resulting from UPI treatment may facilitate delivery of the cytotoxic chemotherapeutic to the surrounding tumor cells, which could be more effective than vessel normalization by anti-VEGF treatment. In accordance with enhanced cytotoxic chemotherapeutic delivery, we identified more apoptotic cells in the UPI peptide combinational groups relative to the anti-VEGF Ab combinational groups by TUNEL staining ( Figure 9B and Supplemental Figure 8B ). Similar results were also obtained in the orthotopic GL261 glioma tumor-bearing mouse model (Supplemental Figure  8, C and D) . Collectively, our results demonstrate that UPI peptide more effectively hinders tumor growth relative to anti-VEGF Ab when combined with cytotoxic chemotherapeutics.
In summary, our data suggest that UPI peptide is a potent suppressive agent of tumor growth and metastasis that functions by disrupting tumor angiogenesis. Our data support this in various preclinical cancer models, including the human U87 glioblastoma model. We also show that administration of the UPI peptide can significantly increase survival rates and extend life expectancy, while imposing negligible toxicity. Coadministration of UPI with cytotoxic chemotherapeutics further increases therapeutic efficacy.
UPI peptide treatment retards tumor growth in orthotopic glioblastoma models. To determine the preclinical implications of UPI peptide treatment as a potential human cancer therapeutic, we used mouse and human orthotopic glioma models. We began by orthotopically injecting GL261 mouse glioma cells into the forebrains of C57BL/6 mice. When tumor size reached 10-20 mm 3 , mice were randomized into 2 groups receiving either control or UPI peptide (10 mg/kg) by i.v. injection every other day. Tumor growth was monitored by MRI on alternating days. UPI peptide treatment hindered tumor growth with an efficacy similar to that of current anti-VEGF Ab therapy ( Figure 8A ). MRI analysis of tumor growth on day 23 after inoculation revealed considerable tumor size reductions in the UPI peptide-treated mice ( Figure 8B ). Remarkably, UPI peptide treatment also prolonged survival of tumor-bearing mice beyond the study endpoint, with an efficacy also comparable to that seen with anti-VEGF Ab therapy ( Figure 8C ). To investigate the potential for application of the UPI peptide in a human cancer model, we orthotopically implanted human glioma U87 cells into the right forebrain of immune-deficient SCID mice and subjected them to i.v. administration of control or UPI peptide (10 mg/kg) every 2 days, beginning after tumors were established (10-20 mm 3 ). Tumor growth was monitored as described above. Consistently, UPI peptide therapy depressed U87 glioblastoma tumor growth (Figure 8, D and E) . Impaired tumor growth after UPI peptide administration extended life expectancy of the orthotopic U87 glioma tumor-bearing SCID mice ( Figure 8F ). Although significant, the extended life expectancy of UPI peptide-treated human U87 glioma tumor-bearing SCID mice was not as dramatic as the increased life expectancy observed in GL261 glioma tumor-bear- angiogenesis (17, 18) . We further discovered that the epsin UIM played a critical regulatory role in VEGFR2 internalization and downregulation (17) , thereby providing us with a strong therapeutic rationale to disrupt the interaction between epsin and VEGFR2 through competitive inhibition by an epsin UIM peptide ( Figure  9C ). Here, we report that an originally designed epsin mimetic UPI peptide produces remarkable inhibition of tumor growth in LLC (lung), B16 (melanoma), TRAMP (prostate), and U87 and GL261 (glioblastoma) preclinical cancer models (Figures 2 and  8 ). Similar to genetic endothelial cell-specific epsin depletion, our UPI peptide substantially stabilized VEGFR2 protein to enhance
Discussion
Tumor angiogenesis is a critical event in cancer progression and metastasis, making it an attractive target for anticancer therapeutic strategies (3, 13, (41) (42) (43) (44) (45) . Previous therapeutic approaches have focused predominantly on disrupting tumor angiogenesis by inhibiting proangiogenic signaling pathways such as VEGF and Notch. Alternatively, we propose a potentially fruitful new therapeutic strategy for suppressing tumor growth based on our previous discovery that loss of epsin-mediated VEGFR2 degradation also hinders tumor progression by impairing proper downregulation of VEGFR2 signaling and promoting subsequent uncontrolled tumor mechanism that governs the specificity with which the epsin UIM interacts with activated VEGFR2. The resulting interaction competitively prohibits epsin binding to VEGFR2 ( Figure 1J ) and subsequent epsin-mediated VEGFR2 internalization and downregulation (Supplemental Figure 1 , G-I). Residues facilitating this interaction are unique to the epsin UIM and drive the specificity with which UPI peptide targets VEGFR2, but not other angiogenic receptors (Figure 4 ). Given that neuropilin 1 is a reported coreceptor of VEGFR2 (46) , it is possible that accumulation of VEGFR2 at the plasma membrane may hinder neuropilin 1-mediated UPI internalization by blocking the neuropilin 1 endocytosis necessary for UPI internalization. However, neuropilin 1 is reported to interact with (46) and facilitate VEGF165a-mediated VEGFR2 signaling propagation by directing VEGFR2 into the Rab5/Rab4/Rab11 recycling pathway (presumably via EEA1) (47, 48) . In contrast, VEGF165b is a non-neuropilin 1-binding isoform of VEGF reported to direct VEGFR2 toward Rab7-dependent degradation (47) . Given that UPI concentrates VEGFR2 on the plasma membrane by impeding the VEGF-targeted degradation pathway and that neuropilin 1 reportedly associates with VEGFR2 specifically in the endosomes (48), it is not likely that UPI-mediated VEGFR2 accumulation on the plasma membrane will affect neuropilin 1 internalization and/or recycling at the plasma membrane. In support of this, we observed dose-dependent and time-dependent increased, rather than decreased, UPI peptide accumulation (Supplemental Figure 1, B and C) .
It is still debatable whether VEGFR2 signaling initiated at the plasma membrane differs from that originated at the early endosomes. Endocytosis and subsequent trafficking to lysosomes was traditionally thought to be a primary mechanism for extinguishing receptor signaling after ligand-induced dimerization and activation of a given RTK. VEGFR2, a prototype of such RTKs, undergoes similar downregulation by endocytosis (17) . However, recent VEGFR2 signaling and produce disorganized, dilated, and dysfunctional leaky tumor vessels (Figures 4 and 7) . Consequently, this peptide not only retarded tumor growth but also impeded cancer metastasis (Figures 2 and 3 ), thus providing a strong rationale for its potential as a new translational cancer therapeutic.
Therapeutic efficacy is dependent on several aspects including localized delivery, precise target specificity, and minimal toxicity. To optimize the therapeutic efficacy of an epsin UIM peptide (21), we incorporated a cyclic iRGD homing sequence (27) to ensure localized delivery to activated endothelial cells such as those in tumor vasculature and a plasma membrane-anchoring sequence (29) to precisely concentrate it within close proximity to activated VEGFR2 at the plasma membrane (Supplemental Figure 1D) . In support of this strategy, our UPI peptide required a relatively low dose for effective tumor inhibition ( Figure 2A ) and exhibited negligible penetration of nontumor quiescent vasculature or tissues ( Figure 1I ). The fact that an every-other-day delivery approach was sufficient to impede tumor growth further suggests that these targeting sequences and the epsin UIM ensure targeted delivery and potent efficacy. Moreover, this strategy contributed significantly to the minimal toxicities observed (Supplemental Figure 7I) .
The fact that UPI peptide treatment effectively and specifically disrupted epsin-VEGFR2 interaction, resulting in sustained VEGFR2 signaling, aberrant angiogenesis, and impaired tumor growth, demonstrates that the UPI peptide is an ideal mimetic of our previously described antitumor phenotype in endothelial-specific, epsin-deficient mice (17) . From these findings, we concluded that the epsin UIM within our UPI peptide specifically targets VEGFR2, thereby competitively inhibiting endogenous epsin function and mirroring the tumor-inhibitory phenotype in epsin-deficient animals. This specificity was determined through the use of pharmacological agents, genetically modified animal models, biochemical approaches, and molecular modeling. As a result of these studies, we have identified a unique binding Number 12 December 2015 strongly suggest that the antitumorigenic effect of dysfunctional angiogenesis is a result of an altered VEGFR2 signaling balance and can be achieved by either inhibiting or facilitating signaling. Furthermore, our studies suggest that facilitating aberrant VEGFR2 signaling and the subsequent disruption in tumor vasculature can impair the growth of a variety of tumors, despite their heterogeneity in tumor endothelial VEGFR2 expression. However, the dramatic inhibitory and relatively long-term effects of UPI peptide on the characteristically high levels of VEGFR2 expression in glioma tumor endothelium suggest that UPI peptide therapies would likely be most potent when used to treat highly vascularized tumors with elevated endothelial VEGFR2 expression levels. Such findings would suggest that tumor heterogeneity might play a regulatory role in the efficacy of UPI targeting. Collectively, our originally designed localized tumor-targeting approach has yielded a UPI peptide that holds what we believe to be uniquely high antiangiogenic and antimetastatic potential for cancer treatment (52, 53) .
Methods

Peptide synthesis
Peptides were synthesized by solid-phase fluorenylmethyloxycarbonyl (FMOC). The crude product was dissolved, separated, and confirmed by mass spectrometry, as described in the Supplemental Methods. After confirmation, peptides were purified by HPLC and lyophilized. Peptide endotoxin (EU/mg) was monitored using a Pierce LAL Chromogenic Endotoxin Quantitation Kit according to the manufacturer's instructions. , and EC-iDKO-Notch mice were generated by crossing conditional double-KO mice (EC-iDKO) with Flk1 fl/fl or Nicd LSL mice, as described in Supplemental Figure 5A and refs. 17 and 18. Subcutaneous (LLC, melanoma B16, and glioma U87/SCID), TRAMP, and orthotopic (GL261 and U87/SCID) animal tumor models were established and analyzed, as previously described (17, 18, 54, 55) . Synthetic peptides were administered i.v. at 10 mg/kg or i.p. at 20 mg/kg every other day. Anti-VEGF Ab (B20-4.1.1; 1.5 mg/kg) or VEGFR2 kinase inhibitor (0.5 mg/kg) were iv. coadministered with synthetic peptides.
Animal models
Kinetic analysis and FUPI peptide distribution in vivo
Tumor and nontumor tissues from FUPI-treated LLC or B16 tumorbearing mice were collected and analyzed by immunofluorescence staining for FUPI (FITC) localization to CD31-positive vessels.
In vivo angiogenesis assays
In vivo angiogenesis was analyzed using Matrigel plugs and retinal neovascularization, as previously described (18, 51, 56, 57) , with modifications.
Hypoxia analysis in s.c. U87 glioma tumors Hypoxia probe was administered by i.p. injection into s.c. U87 glioma tumor-bearing mice. Tumor hypoxia was analyzed by immunofluorescence, as described in the Supplemental Methods.
studies have also implicated VEGFR2 endocytosis and trafficking as an important regulatory mechanism promoting VEGFR2 signaling (48) . Therefore, it is plausible that the destination of VEGFR2 for signaling endosomes or degradative lysosomes is regulated by different endocytic adaptors and that UPI peptide treatment specifically blocks VEGFR2 destined for degradation while promoting VEGFR2 rapid recycling via signaling endosomes back to the plasma membrane. This could lead to increased cell surface localization of VEGFR2 and elevated VEGFR2 signaling originating from the plasma membrane, signaling endosomes, or both (17, (49) (50) (51) .
In glioma animal models, UPI peptide was equally as effective at inhibiting tumor growth as currently available anti-VEGF therapies ( Figure 8, A and C) . Clinically, leaky vessels could be devastating to patients with glioblastoma, because these vessels cause buildup of fluid, which exacerbates tissue damage by increasing intracranial pressure. However, we did not observe increased edema in the T2-weighted images from our glioma mouse models, nor did these mice exhibit phenotypes consistent with increased intracranial pressure. In contrast, mice treated with UPI peptide had much longer survival rates and decreased tumor volumes compared with those of control mice. Potential differences in responses to leaky vessels and the resulting intracranial pressure could be a disparity between preclinical mouse models and human patients. However, given the potential long-term benefits of UPI peptide treatment suggested by our preclinical studies, it may prove clinically beneficial to use shunts to relieve intracranial pressure, if it occurs.
Clinically, angiogenesis inhibitors such as anti-VEGF are often combined with cytotoxic chemotherapeutics to enhance efficacy. However, whether promoting, rather than inhibiting, aberrant tumor angiogenesis provides a more effective cytotoxic chemotherapeutic delivery strategy is unknown. Herein, we demonstrated that UPI peptide treatment significantly increased the efficacy of combined cytotoxic chemotherapeutics, including Dox, Tax, and OKN-007. Furthermore, this enhanced efficacy was substantially better relative to anti-VEGF combinatorial therapeutic approaches ( Figure 9 , A and B, and Supplemental Figure 8 ). While the mechanism is unclear, we hypothesize that the tumor vascular leakage induced by UPI peptide treatment facilitates the release of cytotoxic chemotherapeutics, thereby increasing cancer cell death ( Figure 9 , A and B, and Supplemental Figure 8 ). Simultaneously, increased vessel numbers in UPI peptide-treated tumors further encourages cancer cell exposure to the cytotoxic chemotherapeutics. It is conceivable that anti-VEGF therapy, by nature, reduces angiogenesis, and even with vessel normalization within the tumor, it may still result in less effective delivery of combinational cytotoxic chemotherapeutics relative to UPI peptide treatment. Additionally, the smaller molecular size, intracellular delivery, and cost-effective nature of peptide therapeutics make them a feasible and somewhat more preferable therapeutic strategy relative to Ab therapies, which are limited to extracellular or secretory targets and much more expensive to produce. In summary, when combined with cytotoxic chemotherapeutics, UPI peptide could offer more effective and sustained tumor inhibition clinically.
Although counterintuitive and opposing in function to other antiangiogenic approaches, our findings using the UPI peptide
